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MicroRNA-193b-3p reduces oxidative stress and mitochondrial damage in rats
with cerebral ischemia-reperfusion injury via the seven in absentia homolog 1/
Jun N-terminal kinase pathway
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ABSTRACT ARTICLE HISTORY
Ischemic stroke is one of the major causes of death and disability among adults. This study sought Received 31 August 2021
to explore the mechanism of microRNA (miR)-193b-3p in rats with cerebral ischemia-reperfusion Revised 22 January 2022
(I/R) injury. The cerebral I/R injury models of rats were established using the suture-occluded ~ Accepted 25 January 2022
method. The pathological changes were observed, and oxidative stress (OS) and mitochondrial KEYWORDS

function indexes in rat brain tissue were examined. The levels of miR-193b-3p and seven in Cerebral ischemia-
absentia homolog 1 (SIAH1) were detected. miR-193b-3p agomir or antagomir was injected into reperfusion injury; miR-
the lateral ventricle of I/R rats to overexpress or inhibit miR-193b-3p expression. The targeting 193b-3p; SIAH1; oxidative
relationship between miR-193b-3p and SIAH1 was verified. The effect of SIAH1 overexpression on stress; mitochondrial
brain injury in I/R rats was investigated by injecting the lentivirus vector into the lateral ventricle. ~ damage; JNK pathway
The phosphorylation level of Jun N-terminal kinase (JNK) was identified. miR-193b-3p was lowly

expressed in I/R rats. Overexpression of miR-193b-3p alleviated the pathological damage of I/R

rats and limited the OS and mitochondrial damage. miR-193b-3p targeted SIAH1. Overexpression

of SIAH1 partially reversed the protection of miR-193b-3p overexpression against cerebral I/R

injury. p-JNK was up-regulated in I/R rats and overexpression of miR-193b-3p inhibited p-JNK.

Overall, overexpression of miR-193b-3p targeted SIAH1 to inhibit the activation of the JNK path-

way and protect rats against cerebral I/R injury.

miR-193b-3p protects
rats from cerebral
ischemia-reperfusion

injury

1‘ neuronal apoptosis =g JNK pathway 1‘

Introduction mortality [1,2]. Ischemic stroke is induced by the

Ischemic stroke is considered as the leading cause of ~ reduction of blood flow to the brain due to the
death and disability and is characterized by high  blockage of blood vessels in the brain, which leads
rates of morbidity, recurrence, disability, and to oxidative stress (OS) of neurons, energy
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metabolism failure, mitochondrial apoptosis, and
cell apoptosis [3,4]. Many studies have noted the
essential role of OS and neuronal mitochondrial
dysfunction in the pathogenesis of ischemic stroke
[1,5]. Reperfusion therapy is critical to the recovery
of ischemic tissue [6]. However, studies have indi-
cated that reperfusion of ischemic areas aggravates
brain tissue damage, leading to more serious brain
dysfunction, known as cerebral ischemia-
reperfusion (I/R) injury [7,8]. Meanwhile, reperfu-
sion exacerbates neuronal damage, including reac-
tive oxygen species (ROS) bursts and mitochondrial
dysfunction, which are vital in pathophysiological
processes [9]. To date, the mechanism of brain I/R
injury has not been thoroughly elucidated [10].
Consequently, it is of paramount significance to
identify the regulatory mechanism of OS and mito-
chondrial damage of neurons during cerebral I/R
injury for the pathogenesis and treatment of
ischemic stroke.

MicroRNAs (miRNAs) are endogenous single-
stranded RNA fragments, usually about 20-22
nucleotides in length, which negatively regulate
the protein expression of target genes by binding
to complementary sequences of the 3XUTR of the
target mRNA [11]. Accumulating evidence in pre-
vious studies has found the close correlation of
numerous miRNAs with cerebral stroke. For
example, tretenolic acid B alleviates cerebral I/R
injury by regulating miR-10a and the PI3K/Akt/
mTOR pathway [12], and inhibition of miR-125b
relieves cerebral I/R injury by targeted regulation
of CK2a/NADPH oxidase signal transduction [13].
miR-484 attenuates neuronal apoptosis induced by
cerebral I/R injury in mice by targeting apoptosis
promoter BCL2L13 [7]. Recent studies have
uncovered that miR-193b-3p can alleviate the
focal cerebral I/R injury in rats by downregulating
5-lipoxygenase [14]. Meanwhile, miR-193b-3p was
identified to lower the neuroinflammation of early
brain injury in rats after subarachnoid hemorrhage
[15]. It is noteworthy that miR-193b-3p may be
a potential new target for the treatment of cerebral
I/R injury, and it is worth further considering its
specific mechanism.

On a separate note, seven in absentia homolog 1
(SIAH1) protein plays a key role in apoptosis and
tumorigenesis [16]. Studies have shown that
SIAH1 is involved in the regulatory process of
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OS and mitochondrial damage [17-19].
Meanwhile, studies have shown that SIAH1 leads
to the death of neurons and other types of cells by
activating the JNK signaling pathway [20].

So far, there is no research on the regulatory
effect of miR-193b-3p on cerebral I/R injury via
the STAH1/JNK axis. Accordingly, we speculated
that miR-193b-3p could protect against cerebral I/
R injury in rats by targeting SIAHI to inhibit the
activation of the JNK pathway. Therefore, this
study aims to explore the protective effect and
mechanism of miR-193b-3p on I/R rats, so as to
provide a new target for I/R treatment and offer
a new theoretical reference for the role of miRNAs
in neuronal injury.

Materials and Methods
Ethics statement

All animal experimental procedures were
approved by the Animal Ethics Committee, and
the surgery was performed under general anesthe-
sia to minimize the pain of included experimental
animals.

Animal treatment and grouping

A total of 144 male Sprague Dawley rats (10 weeks
old, weighing 250 + 20 g) provided by Changzhou
Cavens Experimental Animal Co., Ltd. (Jiangsu,
China) were given free drinking water and stan-
dard diet and kept in separate cages at 24 + 1°C
under the conditions of 12 hours light/dark cycles.
After one week of adaptive feeding, the cerebral I/
R injury model of rats was established using the
suture-occluded method according to the litera-
ture [12]. The procedure of the surgery was as
follows: the rats were anesthetized by an intraper-
itoneal injection of 3% sodium pentobarbital
(0.1 mL/100 g). A small incision was made
between the right ear and the right eye of each
rat, and a Doppler flowmeter (FLPI, MOOR, UK)
probe was fixed at the incision to detect the
changes in blood flow. Then, another small inci-
sion was made in the carotid artery to separate the
carotid artery, and a special nylon suture for the
mouse (Cinontech Co., Ltd., Beijing, China) was
inserted, leading to middle artery occlusion and
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cerebral ischemia in the rats. After the sutures
were fixed, the wound was sutured. The suture
was pulled out 2 hours later to restore blood
flow. Then follow-up experiments were conducted
24 hours after reperfusion. The entire surgery was
performed under sterile conditions. For the sham
group (N = 18), no suture was inserted, and other
operations were the same as those of the I/R
group.

Twenty-four hours before I/R surgery, 144 rats
were evenly assigned as follows: sham group, I/R
group, I/R + miR-193b-3p group, I/R + miR-
negative control (NC) group, I/R + ant-miR
-193b-3p group, I/R + ant-miR-NC group, I/R
+ miR-193b-3p + overexpression (oe)-SIAHI
group, I/R + miR-193b-3p + oe-NC group. Rats
in the sham group and I/R group were injected
with sterile enzyme-free double distilled water
(ddH,0) (5 pL) through the lateral ventricle; rats
in the I/R + miR-193b-3p group and I/R + miR-
NC group were injected with miR-193b-3p agomir
(5 pL) or its control (5 pL) through the lateral
ventricle; rats in the I/R + ant-miR-193b-3p
group and I/R + ant-miR-NC group were injected
with miR-193b-3 antagomir (5 pL) or its control
(5 pL) through the lateral ventricle; rats in the I/R
+ miR-193b-3p + oe-SIAH1 group and I/R + miR-
193b-3p + 0e-NC group were injected with miR-
193b-3p agomir (5 pL) and overexpressed SIAH1
lentivirus (oe-SIAH1) (5 pL) or empty control of
lentivirus (5 uL) through the lateral ventricle. miR-
193b-3p agomir and miR-193b-3p antagomir and
their corresponding controls were designed and
synthesized by Guangzhou RiboBio (Guangzhou,
China), and the injection was operated following
the provided product instructions. SIAH1 overex-
pressed lentivirus and its control were designed
and packaged by Genechem (Shanghai, China)
and operated in strict accordance with provided
product instructions.

Sample collection

After cerebral ischemia for 2 hours and reperfu-
sion for 24 hours, the rats were anesthetized and
euthanized by inhalation of ether. The rat tissues
used to make paraffin sections for hematoxylin
and eosin (HE) staining and terminal deoxynu-
cleotidyl transferase-mediated dUTP-biotin nick

end labeling assay (TUNEL) staining were first
infused with normal saline until the right atrium
outflow became clear. Then, the rats were perfused
using 4% paraformaldehyde and the intact brain
tissue was collected, fixed with 4% paraformalde-
hyde at 4°C for 24 hours. The rats used for other
tests were perfused with saline until the right
atrium outflow became clear, and the brain tissue
was removed for the detection of relevant indica-
tors. Six rats in each group were subjected to HE
staining and TUNEL staining, six rats were sub-
jected to 2, 3, 5-triphenyltetrazolium chloride
(TTC) staining, and the remaining 6 rats in each
group were homogenized in liquid nitrogen for
reverse transcription quantitative polymerase
chain reaction (RT-qPCR), the measurement of
ROS, superoxide dismutase (SOD), malondialde-
hyde (MDA), mitochondrial membrane potential
(MMP) and adenosine triphosphate (ATP), and
the extraction of total protein for Western
blot (WB).

HE staining

As previously described [21], the rat brain tissues
were made into paraffin sections about 5 pm thick
using a paraffin = slicer (XY-973, Xinyu
Biotechnology, Shanghai, China). After conven-
tional dewaxing and hydration with xylene and
anhydrous ethanol, the sections were stained with
HE staining solution (DHO0006, Leagene Biotech.
Co., Ltd., Beijing, China) and stained with hema-
toxylin for 5 minutes and with eosin for 2 minutes.
After dehydration with anhydrous ethanol and
xylene, the sections were sealed with neutral
gum. The operation was strictly in accordance
with the provided instructions. The sealed sections
were observed under the microscope (Olympus,
Tokyo, Japan) and photographed.

TUNEL staining

As previously mentioned [22], after conventional
dewaxing and hydration, the prepared paraffin
sections were stained with TUNEL kits (G001-1,
YAJI Biotechnology, Shanghai, China). After fully
rinsing with phosphate buffer saline (PBS), the
sections were re-stained with 4°,6-diamidino-
2-phenylindole dihydrochloride and sealed with



neutral gum. The operation was conducted strictly
following the provided instructions. The sections
were observed under a fluorescence microscope
(IX51, Olympus, Tokyo, Japan) and photographed.
The excitation wavelength was set to 543 nm and
the emission wavelength was set to 571 nm.
ImagePro Plus 6.0 (Media Cybernetics, Inc., MD,
USA) was used to analyze the percentage of
TUNEL-positive cells.

TTC staining

As previously described [22], the intact brain tis-
sue of rats was collected and frozen at —20°C for
15-20 minutes until the brain tissue was slightly
hard, and then made into coronal sections at
2 mm thickness. The sections were evenly stained
in dark conditions for 20 minutes with 2% TTC
staining solution (YT8072, YITA Biotechnology
Co., Ltd., Beijing, China) and then fixed with 4%
paraformaldehyde for 2 hours. After the sections
were photographed, the infarct volume was calcu-
lated using ImagePro Plus 6.0. Percentage of
infarct volume (%) = cerebral infarct volume/
total volume x 100%.

RT-qPCR

The total RNA content was extracted from rat
brain tissue homogenate using total RNA extrac-
tion kits (ZC-0021A, Zhuocai Biotechnology,
Shanghai, China). After the RNA concentration
was detected using an ultramicro ultraviolet spec-
trophotometer (SMA1000, Merinton, Beijing,
China), the total RNA was transcribed into
cDNA using the fluorescent quantitative RNA
reverse transcription kit (AB-4366596, Invitrogen,
USA). The SYBR® Premix Ex TaqTM II (RR820A,
Takara, Japan) was used for RT-qPCR detection
on Mx3000P Real-time PCR System (401,423,
Agilent, CA, USA). The reaction conditions were
as follows: pre-denaturation at 95°C for 10 min-
utes, and 40 cycles of denaturation at 95°C for
15 seconds, annealing at 63°C for 20 seconds,
and extension at 72°C for 30 seconds. With U6
and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as internal references, the data were
analyzed based on the 27**“" method. The primer
sequences of each gene are shown in Table 1.
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ROS detection

As previously described [23], the rat brain tissue
homogenate was collected and centrifuged at
1200 g for 10 minutes. The supernatant was col-
lected and the protein concentration was detected
using the bicinchoninic acid assay (BCA) kit
(Beyotime Biotechnology, Shanghai, China), and
the ROS concentration was examined using the
2’,7’-dichlorofluorescein  diacetate (DCFH-DA)
test kit (AAT-15204, Qiyuan Biotechnology,
Shanghai, China). DCFH-DA with the final con-
centration of 10 umol/L was added to the super-
natant and incubated at 37°C in the dark for
1 hour. Fluorescence microscopy was used to
observe the fluorescence intensity. The excitation
wavelength was 485 nm and the emission wave-
length was 525 nm. ImagePro Plus 6.0 software
was employed to analyze the average fluorescence
intensity, and the results were expressed as fluor-
escence intensity/mg protein.

Detection of SOD and MDA

As previously described [23], the brain tissue
homogenate of rats was collected and centrifuged
at 10,000 g for 10 min at 4°C. The supernatant was
collected, and the protein concentration was deter-
mined. The SOD and MDA detection kits (YITA
Biotechnology) were used to measure the levels of
SOD and MDA in strict accordance with the
instructions of the kits.

MMP detection

As mentioned previously [24], the rat brain tissue
homogenate was collected, and the mitochondria
were separated and purified using the mitochon-
drial extraction kit (SM0020, Solarbio, Beijing,
China) according to the operation instructions.
The MMP was measured by JC-1 staining solution
(G009-2, Yaji). The JC-1 staining solution with the
final concentration of 10 ug/mL was added to the
samples and incubated at 37°C for 30 minutes for
fluorescence microscope analysis. The excitation
wavelength was 488 nm, and the emission wave-
length was 590 nm and 525 nm. The green/red
fluorescence ratio was analyzed with the help of
ImagePro Plus 6.0 software.
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ATP detection

According to the previous literature [24], the APT
levels in isolated and purified mitochondria were
detected with a mitochondrial ATP test kit
(KA0806, Abnova Corporation, Taiwan, China)
following the operating instructions.

Dual-luciferase report experiment

The targeted binding sites between miR-193b-3p
and the 3'UTR of STAH1 were predicted on bioin-
formatics software TargetScan (www.targetscan.
org). As previously mentioned [25], the 3XUTR
wild type (WT) and mutant (MUT) plasmids of
SIAH1 were amplified and cloned into the pmir-
Glo vector (HH-LUC-016, HedgehogBio, Shanghai,
China). miR-193b-3p mimics and miR-193b-3p NC
were co-transfected into HEK-293 T cells (A2001,
QuacCell Biotech Co., Ltd., Guangdong, China) with
SIAH1-WT and SIAH-1-MUT plasmids, respec-
tively. After culture for 48 hours, the relative activity
of dual-luciferase [firefly-luciferase (F-LuC)/Renilla
luciferase (R-Luc)] in cells was detected under dark
conditions.

wB

As described previously [24], the total protein was
extracted from rat brain tissue homogenates using
Radio  Immunoprecipitation = Assay  lysate
(Beyotime), and the protein concentration was mea-
sured using BCA protein detection kits. After the
protein was denatured by boiling, the protein was
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to polyvinylidene
fluoride (PVDF) membrane by the wet electrotrans-
fer method. The PVDF membrane was removed,
sealed with 5% skim milk and Tris-buffered saline
with 0.1% Tween 20 (TBST) and incubated at room
temperature for 1 hour. After sealing, the membrane
was placed in the incubation box and added with
rabbit anti-mouse primary antibodies: anti-SIAH1

(1:1000, ab203198, Abcam), anti-JNK1/2/3
(1:20,000, ab179461, Abcam), anti-p-JNK1/2/3
(1:6000, ab124956, Abcam), ad anti-GAPDH

(1:1000, ab9485, Abcam), and incubated overnight
at 4°C. The membranes were washed 3 times with
TBST, 10 minutes each time. The secondary

antibody horseradish peroxidase-labeled goat anti-
rabbit IgG-H&L (1:10,000, AB175781, Abcam) was
added to the membranes and incubated at room
temperature for 1 hour. The membranes were
washed 3 times with TBST for 10 minutes each
time. After the membranes were developed by
enhanced chemiluminescence, the images were
obtained. The gray value of the band was analyzed
by software ImagePro Plus 6.0, and GAPDH was
used as the internal reference.

Statistical analysis

SPSS 22.0 (IBM Corp. Armonk, NY, USA) was
used for statistical analyses. Measurement data
were expressed as mean * standard deviation.
One-way analysis of variance (ANOVA) was used
for data comparison among groups, and Tukey’s
multiple test was used for post hoc test. P value
was obtained from a bilateral test and a value of
P < 0.05 indicated statistical significance.

Results

A study has shown that miR-193b-3p has
a protective effect on neuronal injury [14].
Nonetheless, the mechanism of miR-193b-3p
has not been fully elucidated. By successfully
establishing the rat brain I/R injury model, our
study clarified that miR-193b-3p was lowly
expressed in the brain tissue of I/R rats.
Meanwhile, overexpression of miR-193b-3p can
partially alleviate the pathological damage, OS,
and mitochondrial damage of brain tissues in I/
R rats. Additionally, we found that overexpres-
sion of miR-193b-3p can suppress the activation
of the JNK pathway to inhibit neuronal injury
and protect rats from cerebral I/R injury by
targeting SIAH1, which provides new insights
into the pathogenesis and therapeutic targets of
I/R.

Overexpression of miR-193b-3p alleviated
pathological damage of brain tissue in I/R rats

We established the rat brain I/R injury models
using the suture-occluded method. Firstly, the
pathological changes of brain tissues were assessed
by HE, TTC, and TUNEL staining. The results
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Figure 1. Overexpression of miR-193b-3p alleviated pathological damage in I/R rats. The miR-193b-3p agomir or miR-193b-3p
antagomir was injected into the lateral ventricle of rats to induce overexpression or downregulation of miR-193b-3p. The rat brain I/
R injury model was established using the suture method. After 2 h of ischemia and 24 h of reperfusion, the rat brain tissues were
collected for relevant detection. (A) HE staining was used to observe the changes of neuron structure and TTC staining was used to
analyze the infarct volume of rat brain; (B) TUNEL staining was used to detect the level of neuronal apoptosis in rats; (C) The level of
miR-193b-3p in rat brain tissue was detected by RT-qPCR; Measurement data were expressed as mean + standard deviation, N = 6,
one-way ANOVA was used for data comparison among groups, and Tukey’s multiple test was used for post hoc test. P was obtained

from a bilateral test, ** P < 0.01, *** P < 0.001.

revealed that some neurons in the brain tissues of
rats in the I/R group lost their intact cellular
structure, and the cells and nuclear cytoplasm
were contracted, resulting in obvious infarcted
areas in the brain tissues (Figure 1(a)) and
increased neuronal apoptosis (Figure 1(b), all
P < 0.01). The rat models of brain I/R injury
were successfully established. Subsequent RT-
qPCR found that miR-193b-3p was lowly
expressed in the I/R group (Figure 1(c), p< 0.01).

To explore the role of miR-193b-3p in cere-
bral I/R injury in rats, we used miR-193b-3p
agomir and miR-193b-3p antagomir to promote
or inhibit miR-193b-3p expression in the brain
tissue, respectively. RT-qPCR showed that miR-
193b-3p was overexpressed or inhibited in I/R

rats (Figure 1(c), all P < 0.01). Furthermore, we
evaluated the effect of miR-193b-3b overexpres-
sion or downregulation on the pathological
injury of brain tissue after cerebral I/R injury
in rats by HE, TTC, and TUNEL staining. The
results showed that after overexpression of miR-
193b-3p, the morphologic changes of neurons in
brain tissues of I/R rats were few, the cerebral
infarction volume was reduced, and neuronal
apoptosis was decreased; inhibition of miR-
193b-3b aggravated the morphological damage
of neurons in rat brain tissue, increased the
cerebral infarction volume, and promoted neu-
ronal apoptosis (Figure 1(a/b), all P < 0.01).
These results indicate that the overexpression
of miR-193b-3p can partially alleviate the
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pathological damage of cerebral tissue in rats
with cerebral I/R injury, while the results of the
downregulation of miR-193b-3p are contrary.

Overexpression of miR-193b-3p inhibited OS and
mitochondrial damage of neurons in brain
tissues of rats with cerebral I/R damage

Previous studies have shown that cerebral I/R
injury is closely related to OS and mitochondrial
dysfunction [26,27]. To explore whether the alle-
viation of miR-193b-3p overexpression on the
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pathological damage of brain tissue in rats with
I/R was related to OS and mitochondrial dysfunc-
tion, we measured the levels of ROS, SOD, and
MDA, which are related to OS, in the brain neu-
rons of rats in different groups. Compared with
the sham group, ROS level in the brain tissue of
rats in the I/R group was enhanced (Figure 2(a)),
SOD level was decreased (Figure 2(b)), and MDA
level was increased (Figure 2(c)), while the over-
expression of miR-193b-3p partially reversed the
OS of neurons in the I/R group (all P < 0.01).
Furthermore, we examined the levels of MMP
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Figure 2. Overexpression of miR-193b-3p inhibits oxidative stress and mitochondrial apoptosis of neurons in the cerebral cortex of
rats. The miR-193b-3p agomir was injected into the lateral ventricle of rats to induce the overexpression of miR-193b-3p, and the rat
brain I/R injury model was established by suture method. After 2 h of ischemia and 24 h of reperfusion, the rat brain tissues were
collected for relevant detection. (A) DCFH-DA fluorescent probe was used to detect ROS levels in neurons of rat brain tissue; (B) SOD
level of neurons in rat brain tissue was detected by the kit; (C) MDA level of neurons in rat brain tissue was detected by the kit; (D)
JC-1 fluorescence probe was used to detect MMP of neuron mitochondria in rat brain; (E) The level of mitochondrial ATP in rat brain
tissue was detected by kits. Measurement data were expressed as mean + standard deviation, N = 6, one-way ANOVA was used for
data comparison among groups, and Tukey’s multiple test was used for the post hoc test. P was obtained from a bilateral test, **

P < 0.01, *** P < 0.001.
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Figure 3. miR-193b-3p targeted SIAH1. (A) The targeted binding sites of miR-193b-3p and SIAH1 were predicted by TargetScan; (B)
The targeting relationship between mir193B-3p and SIAH1 was verified by dual-luciferase reporter assay; (C) The mRNA and protein
levels of SIAH1 in brain tissue of rats in different groups were detected by RT-gPCR and WB; Measurement data were expressed as
mean + standard deviation, N = 6, one-way ANOVA was used for data comparison among groups, and Tukey’s multiple test was
used for the post hoc test. P was obtained from a bilateral test, ** P < 0.01, *** P< 0.001.

and ATP in neuron mitochondria in different
groups. Compared with the sham group, the
MMP and ATP levels of neurons in the I/R
group were decreased (Figures 2(d) and (e)),
while the overexpression of miR-193b-3p partially
reversed the mitochondrial damage of neurons (all
P <0.01). Altogether, overexpression of miR-193b-
3p can inhibit OS of neurons and mitochondrial
damage in brain tissues of rats with brain I/R

injury.

miR-193b-3p targeted SIAH1

Through much-valuable literature review, we
learned that SIAHI is associated with OS and
mitochondrial damage [28,29]. We predicted the
binding sites between miR-193b-3p and the
3XUTR of SIAH1 using bioinformatics online
software TargetScan (www.targetscan.org), and
the binding sequence was GGCCAGUG

(Figure 3(a)). To explore whether overexpression
of miR-193b-3p onOS and the inhibition of
mitochondrial damage was related to SIAHI,
we further verified the targeting relationship of
miR-193b-3p through dual-luciferase assay.
Compared with the SIAHI-WT + NC group,
the relative ratio of F-luc/R-luc in the SIAHI-
WT + mimic group was reduced (Figure 3(b),
p < 0.01). Compared with the SIAH1-MUT +
NC group, there was no apparent difference in
the fluorescence expression of F-Luc/R-Luc in
the SIAHI-MUT + mimic group. The results
noted a targeting relationship between miR-
193b-3p and SIAH1. We further detected the
levels of SIAH1 in brain tissues of rats by RT-
qPCR and WB. Compared with the sham group,
the SIAH1 levels in brain neurons of rats in the
I/R group were up-regulated, and after treatment
with miR-193b-3p agomir, SIAH1 levels were
down-regulated (Figure 3(c), all P < 0.01).
Briefly, miR-193b-3p targeted SIAH1.
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Overexpression of SIAH1 antagonized the
protective effect of overexpression of miR-193b-
3p on cerebral I/R injury

To further explore the role of SIAH1 in cerebral I/
R injury in rats, we injected both SIAHI-
overexpressed lentivirus or empty lentivirus into
rats with brain I/R injury that had been treated
with miR-193b-3p agomir. The levels of SIAH1
were detected by RT-qPCR and WB, which
revealed that STAH1 was up-regulated in the I/R
+ miR-193b-3p + oe-SIAHI1 group (Figure 4(a),
p < 0.001), indicating that the rats were success-
fully transfected with the overexpressed SIAHI
lentivirus. We then detected OS indicators such
as ROS, SOD, and MDA, and mitochondrial func-
tion indicators such as MMP and ATP in neurons
of rat brain tissue, and found that overexpression
of SIAHI partially annulled the overexpression of
miR-193b-3p-inhibited OS and mitochondrial
damage of neurons in the brain tissue of I/R rats
(Figure 4(b)-F, all P < 0.001). We further detected
the pathological changes of rat brain tissue by HE,
TTC, and TUNEL staining (Figure 4(g/h)), and
found that the overexpression of SIAHI1 partially
reversed the effect of overexpression of miR-193b-
3p on alleviating brain tissue damage in I/R rats
(all P < 0.01). Overall, overexpression of SIAH1
antagonizes the protective effect of miR-193b-3p
overexpression on cerebral I/R injury.

miR-193b-3p inhibited the activation of the JNK
pathway by targeting SIAH1

A study has shown that STAH1 mediated neuronal
apoptosis by regulating the JNK pathway [20]. We
speculated that SIAH1 may regulate the JNK path-
way to reduce neuronal apoptosis in rats with
cerebral I/R injury. Herein, we detected the levels
of JNK and p-JNK in rat brain tissue by WB. The
results discovered that the p-JNK/JNK levels in the
I/R group were up-regulated compared with that
in the sham group, while the overexpression of
miR-193b-3p decreased the p-JNK/JNK levels in
the IR group. In addition, after the overexpression
of miR-193b-3p and the overexpression of SIAHI,
the level of p-JNK/JNK was increased again
(Figure 5(a/b), all P < 0.05). Conjointly, miR-
193b-3p may inhibit the activation of the JNK

pathway by targeting SIAH1, thus alleviating OS,
mitochondrial damage, and neuronal apoptosis in
brain tissues of rats with brain I/R injury.

Discussion

Ischemic stroke remains one of the leading causes
of death and disability worldwide [3]. In recent
years, thrombolytic therapy and mechanical
thrombectomy have been regarded the main meth-
ods for the clinical treatment of ischemic stroke,
aiming to open blood vessels and achieve cerebral
I/R [8]. However, after blood flow from cerebro-
vascular to the ischemic area was restored, brain
tissue damage was aggravated, and even irreversi-
ble damage appeared [30]. miR-193b-3p has
a potential neuroprotective effect on focal brain
injury induced by I/R [14]. In this study, we elu-
cidated the protection of miR-193b-3p against cer-
ebral I/R through the SIAH1/JNK axis.

I/R causes a series of physiological and patho-
logical changes, including inflammation, OS, cere-
bral infarct, and neuronal apoptosis [31,32]. We
established the rat cerebral I/R injury models using
the suture-occluded method. Subsequently, we
found that miR-193b-3p was poorly expressed in
I/R rats. Likewise, the expression of miR-193b-3p
in brain tissues of mice with subarachnoid hemor-
rhage was lower than that of healthy mice [15].
Afterward, we explored the specific role of miR-
193b-3p in cerebral I/R injury by injecting miR-
193b-3p agomir or miR-193b-3p antagomir into
rats. The histological stainings observed that some
neurons in the brain tissue of I/R rats lost the
complete cell structure, with contracted nuclear,
obvious infarction areas, and increased neuronal
apoptosis. After overexpression of miR-193b-3p,
the morphological changes of neurons were
improved, cerebral infarction volume was reduced,
and neuronal apoptosis was decreased, while the
pathological results obtained by inhibiting miR-
193b-3b using the miR-193b-3p antagomir were
contrary. Much in accordance with our discov-
eries, prior studies have shown that miR-193b-3p
can reduce neurobehavioral injury, brain edema,
and neurodegeneration induced by subarachnoid
hemorrhage, and reduce inflammatory cytokines
in the rat brain [15]. Besides, down-regulating
the expression of miR-449¢-5p can upgrade
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Figure 4. Overexpression of SIAH1 antagonizes the protective effect of overexpression of miR-193b-3p on cerebral I/R injury in rats.
The SIAH1 was overexpressed in rats by injecting the SIAH1 lentivirus. (A) The level of SIAH1 was detected by RT-qPCR and WB. (B)
DCFH-DA fluorescent probe was used to detect ROS levels in rat brain tissue; (C) SOD level of neurons in rat brain tissue was
detected by the kit; (D) MDA level of neurons in rat brain tissue was detected by the kit; (E) JC-1 fluorescence probe was used to
detect MMP of neuron mitochondria in rat brain tissue. (F) The kit was used to detect the level of mitochondrial ATP of neurons in
rat brain tissue; (G) HE staining and TTC staining were used to detect the neuronal damage and cerebral infarct volume of rat brain
tissue; (H) TUNEL staining was used to detect neuronal apoptosis in rats. Measurement data were expressed as mean + standard
deviation, N = 6, one-way ANOVA was used for data comparison among groups, and Tukey’s multiple test was used for the post hoc
test. P was obtained from a bilateral test, ** P < 0.01, *** P < 0.001.

neurological deficits, reduce brain water content,  suggest that overexpression of miR-193b-3p can
blood-brain barrier permeability, brain tissue  partially reduce the pathological damage in rats
damage, and inflammation in ischemic stroke  with cerebral I/R injury, while downregulation of
rats [33]. These findings made it plausible to  miR-193b-3p has the opposite effect.
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Figure 5. miR-193b-3p inhibits the activation of the JNK pathway by targeting SIAH1. (A-B): The phosphorylation level of JNK1/2/3 in
the brain tissues of rats in different groups was detected by WB. Measurement data were expressed as mean /2/3 in the brain tissue.
N = 6, one-way ANOVA was used for data comparison among groups, and Tukey’s multiple test was used for the post hoc test. P was

obtained from a bilateral test, ** P < 0.01, *** P < 0.001.

Compelling evidence exists to support the con-
nection between cerebral I/R injury and OS and
mitochondrial dysfunction [5,27]. In our present
study, ROS levels were increased, SOD activity was
decreased, MDA activity was increased, and mito-
chondrial MMP and ATP levels were reduced in
the brain tissues of I/R rats. Overexpression of
miR-193b-3p partially reversed the OS and mito-
chondrial damage of neurons in I/R rats. miR-
193b-3p treatment can reduce neurobehavioral
damage, neurodegenerative changes caused by OS
and mitochondrial dysfunction in the brain of
mice [15,34]. Overexpression of miR-7a-5p
reduced mitochondrial fragmentation, OS, and
autophagy proteins that promote neuronal death
[35]. Altogether, overexpression of miR-193b-3p
can inhibit OS and mitochondrial damage of neu-
rons in rats with cerebral I/R injury.

Previous studies have shown the correlation of
SIAH1 with OS and mitochondrial damage
[17,28]. We predicted the binding site between
miR-193b-3p and SIAH1 and verified the targeting
relationship between miR-193b-3p and SIAHI.
Meanwhile, we observed that SIAH1 was elevated
in the neurons of I/R rats and down-regulated
after overexpression of miR-193b-3p. Similarly,
up-regulation of miR-15b-5p alleviates neurode-
generation caused by neuronal apoptosis by target-
ing SIAH1 [36]. Hence, miR-193b-3p targeted
SIAH1. To further explore the role of SIAH1 in
cerebral I/R injury, we overexpressed miR-193b-

3p, followed by the overexpression of SIAH1, and
found that overexpression of SIAH1 promoted the
OS and mitochondrial damage of neurons and
aggravated brain tissue injury in I/R rats.
Consistently, down-regulation of SIAH1 inhibited
apoptosis and decreased cerebral infarct size and
hippocampal neuronal apoptosis [37]. Overall,
these results strongly support that overexpression
of SIAH1 antagonizes the protective effect of miR-
193b-3p overexpression on cerebral I/R injury in
rats.

There is evidence to suggest that SIAH1 can
mediate neuronal apoptosis through the JNK path-
way [20]. We discovered that p-JNK/JNK level was
up-regulated in I/R rats, declined after overexpres-
sion of miR-193b-3p, and increased again after
overexpression of miR-193b-3p and SIAHI.
These results suggest that miR-193b-3p may inhi-
bit the activation of the JNK pathway by inhibiting
SIAHL1 levels. Inhibition of the JNK pathway has
been reported to block the activation of Caspase-3,
thereby reducing cerebral I/R injury [38]. We will
perform a functional rescue experiment to inter-
vene in the JNK pathway to further confirm its
involvement in cerebral I/R injury.

Conclusion

To conclude, this study mainly found that the
overexpression of miR-193b-3p targeted SIAHI
to inhibit the activation of the JNK pathway and



protected against the cerebral I/R injury in rats.
However, the regulation mechanism of miR-193b-
3p in cerebral I/R injury was only studied in ani-
mals in this study, and the mechanism of miR-
193b-3p was not further verified at the cellular
level due to the limited research conditions and
time. It is warranted to further study the regula-
tory mechanism of miR-193b-3p from the epige-
netic perspective in our future studies and verify
its effect in the in vitro experiments and the clinic
setting with the participation of other pathways.
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